The results of 32 Pi-labelling of the organic phosphate fraction in rat-liver mitochondria incubated in ATP-(or ADP-) free media have been compared with those of 3Z Pi-labelling in media with ATP (or ADP) added. Differences have been noted in the sensitivity to uncouplers and inhibitors of oxidative phosphorylation, in the pH-activity profile, in the Arrhenius plot and in the 32 P distribution among nucleotides. In the case of phosphorylation in the ATP-(or ADP-) free medium, significant generation of 32 P-ADP is further enhanced by uncouplers, counterbalancing the uncoupler-induced inhibition of 32 P-ATP formation and thus causing the 32 Plabelling of the whole organic phosphate fraction to be apparently insensitive to the uncoupler. This forms a sharp contrast with the phosphorylation pattern observed in media with ATP (or ADP) added, in which there is an almost exclusive labelling of the ATP fraction. Electron acceptors, like uncouplers, increase 32 Pi incorporation into ADP. The oxidation of glutamate as well as the regeneration of NAD + from NADH is also accelerated by uncouplers and electron acceptors under exactly the same conditions.
P distribution among nucleotides. In the case of phosphorylation in the ATP-(or ADP-) free medium, significant generation of 32 P-ADP is further enhanced by uncouplers, counterbalancing the uncoupler-induced inhibition of 32 P-ATP formation and thus causing the 32 Plabelling of the whole organic phosphate fraction to be apparently insensitive to the uncoupler. This forms a sharp contrast with the phosphorylation pattern observed in media with ATP (or ADP) added, in which there is an almost exclusive labelling of the ATP fraction. Electron acceptors, like uncouplers, increase 32 Pi incorporation into ADP. The oxidation of glutamate as well as the regeneration of NAD + from NADH is also accelerated by uncouplers and electron acceptors under exactly the same conditions.
Together with the previous conclusion that the incorporation of 32 Pi into ADP inside the inner membrane is closely connected with 2-oxoglutarate-linked substratelevel phosphorylation, these findings indicate that the regeneration of NAD + caused by the transfer of electrons across the respiratory chain plays a significant role in controlling the citric acid cycle as well as coupled substrate-level phosphorylation.
"Recent publications (1, 2) 
•Vol. 74, No. 3, 1973 Though this phosphorylation reaction was first proposed by Heldt and Schwalbach {3) to occur in mitochondria in which respirationlinked phosphorylation was blocked by oligomycin, our studies have been done mainly by incubation of dilute suspension of mitochondria in an ATP-or ADP-free medium without any addition of inhibitors of oxidative phosphorylation.
In contrast, it is well-known that in the presence of the phosphate acceptor, ADP, or ATP in the reaction mixture 32 Pi is incorporated into the ATP fraction of mitochondria dependent on respiration-linked phosphorylation. It is conceivable, therefore, that the phosphorylation pattern in isolated liver mitochondria is profoundly affected by the addition of adenine nucleotides to the incubation medium. This problem is dealt with in the first part of the present paper. The second part shows that the generation of 32 P-ADP is dependent on the function of the respiratory chain in a way quite different from its dependence on oxidative phosphorylation, in accord with our recent proposal (1) that substrate-level phosphorylation leads to the generation of 82 P-ADP instead of 32 P-ATP. The role of external adenine nucleotides in determining the phosphorylation pattern will be the subject of the subsequent paper (4).
MATERIALS AND METHODS
Rat-liver mitochondria were isolated by the method of Johnson and Lardy (5) in 0.33M sucrose-O.lmM EDTA solution. The standard reaction mixture contained 146 mM KG, 20 mM Tris-HCl buffer (pH 7.4), 1 mM EDTA, 55 mM sucrose (derived from the mitochondrial suspension), and mitochondria from 24 mg rat liver in a final volume of 1.2 ml. Analysis of protein by means of the Folin-Lowry method (6), using bovine serum albumin (Fraction No. V) as the standard, revealed that mitochondria from 20 to 24 mg rat liver contain 0.6 mg protein. The reaction was started by the addition of the mitochondrial suspension and stopped by addition of HC1O 4 after continuous shaking at 25°C for 150 sec, unless otherwise specified. Pi into the organic phosphate fraction wasestimated after precipitating 32 P| according to the method of Sugino and Miyoshi (7). Threetenth ml of 2.5% ammonium molybdate and 0.1 ml of 0.5 M triethylamine, together with. 0.1 ^mole of Pi as a carrier, if necessary, were, added to the incubation mixture, which wasacidified with HC1O 4 to a final concentration, of 0.3 to 0.5 M. The yellow-colored precipitate was centrifuged and the supernatant wasanalyzed for radioactivity using a gas-flow counter.
Analysis
Labelled total nucleotides: To 1 ml of the: aliquot of deproteinized reaction mixture, 100' mg of charcoal was added and the mixture, was kept for 15 min at 0°C with occasional shaking. ATP, ADP, AMP, and GTP, 1 //mole each, were also added as carriers. After washing the charcoal twice with distilled water, the nucleotides were eluted by incubating the charcoal in 4 ml of 60% ethanol containing 0.8% NH 4 OH for 30 min at 0°C. Three ml of the eluate was then evaporated to drynessunder reduced pressure at 25°C, the residue being dissolved in 0.2 ml of distilled water. A. portion (usually 0.05 ml) was applied to a piece of filter paper, dried, and analyzed for radioactivity using a liquid scintillation counter (Aloka LSC-5) in a scintillation fluid consisting; of 0.5% PPO and 0.03% POPOP in toluene. In the case of 3 H determination, the solution, was analyzed in a 2 : 1 mixture of the above. scintillator and triton X-100. The counts were, normalized in terms of the recovery of carrier nucleotides based on extinctions at 260 nm before and after the charcoal treatment.
Fractionation of nucleotides:
Thin-layer chromatography on the polyethyleneiminecellulose plate developed by Randerath and. Randerath (8) was adopted for further separation of the above nucleotide fraction. An aliquot (0.05 ml) of the solution of nucleotideswas applied in a 1-cm zone to a precoated plastic sheet of "Cellulose MN300, polyethyleneimine" (Machery Nagel Co., Diiren,. West Germany). One-dimensional ascending chromatography was then carried out at 3°C by stepwise elution with 0.5 M (NH 4 ) 2 SO 4 up to 5 cm above the origin followed by 0.7 M (NH 4 ) 2 SO 4 up to 17 cm. After drying the plate in a stream of cool air, each area was cut out, extracted with 0.5 ml of 0.1 N HC1 and analyzed for radioactivity using a liquid scintillation counter, as described above.
3i P-p and 32 P r of ATP: The distribution of radioactivity between P^ and P r of ATP was measured based on the conversion of 32 P r -ATP to glucose-6-82 P-phosphate by hexokinase [EC 2.7.1.1] as follows. The area corresponding to ATP on the polyethyleneimine-cellulose plate was scraped off and extracted with 2 ml of 0.1 N HC1 for 30min at 0°C. One-half ml of the aliquot was used for the estimation of total (Pj3 and P r ) radioactivity of ATP in a liquid scintillation counter, while one ml was transferred to tubes containing 0.2 ml of 0.6 M Tris, 10 pmoles of glucose, 10 ^moles of MgCU and 2 units of yeast hexokinase, the pH of the resulting solution being 7.6 to 7.8. After incubation at 30°C for 15 min, 10 mg of charcoal was added, together with HC1O 4 to a final concentration 0.1 M, and the supernatant was counted as a measure of 32 P r of ATP. The charcoal was washed three times with water and eluted with 60% ethanol-0.8% NH 4 OH to measure S2 P^ of ATP after evaporation to dryness in vacuo.
Determination of'
4 CO2 Liberation-In order to estimate the production of radioactive CO 2 from lu C-glutamate, a mitochondrial suspension with appropriate additions was incubated in a rubber-stoppered vial equipped with a suspended plastic cup. The reaction was terminated by injecting 0.25 ml of HC1O< through the rubber stopper along the wall of the vial to make a final concentration of 0.5 M. After further addition of hyamine onto a roll of paper in the center cup, the vial was stored at room temperature for 2 to 3 hr. The radioactivity trapped by hyamine was then measured in 10 ml of toluene-type scintillator.
Estimation of Reduced Pyridine Nucleotides ' -Mitochondrial reduced pyridine nucleotides were measured by fluorescence, since there is an emmission peak at 448 nm. The intensity of fluorescence was recorded with a Hitachi Fluorophotometer (Model MPF-2A) with excitation at 340 nm. The reaction was followed in a cuvette in a total volume of 2.4 ml with exactly the same concentrations of additions and mitochondrial protein as used for other tracer experiments.
Chemicals-The sources of special reagents are: ATP, ADP, AMP, GTP, other nucleotides, and oligomycin: Sigma Chemical Co., CCCP: Calbiochem Inc.; Rutamycin: Eli Lilly and Co.; 3 H-labelled adenine nucleotides: New England Nuclear.
RESULTS

Effects of Uncouplers and Inhibitors of Oxidative Phosphorylation on the Formation of Organic
32 P-Phosphate as Affected by External Adenine Nucleotides-All the reagents* so far tested which are known to induce uncoupling or inhibition of oxidative phosphorylation produced only little, if any, inhibition of 82 Pi incorporation into the organic phosphate fraction, unless ATP was added to the incubation medium (Table I ). The right-hand column in Table I shows that these reagents actually inhibit the labelling of organic phosphate in a mitochondrial suspension supplemented with 0.2 mM ATP. It is likely, therefore, that the labelling of organic phosphate observed in the absence of external ATP is not strictly related to respiration-linked phosphorylation. In Table  I arsenate was an exception; it caused a' marked inhibition of phosphorylation whether-ATP was added or not. This is not surprising, because arsenate replaces Pi in 32 P,-utilizing reactions regardless of the type of phosphorylation measured.
Other nucleotides were then tested to determine whether the mitochondrial phosphorylation reaction is likewise rendered sensitive to DNP by their addition. Table II shows that ADP was also effective in this respect but AMP and nucleoside triphosphates other than ATP were essentially without effect. DeoxyATP was effective, but to a lesser extent than ATP. Other nucleoside di-and Pi into mitochondrial organic phosphate with or without the addition of ATP. Mitochondria were incubated for 150sec as described in "MATERIALS AND METHODS." Radioactivity detected in the organic phosphate fraction after incubation with an " addition " in the presence or absence of ATP was divided by the respective control amount obtained without the " addition " and multiplied by 100. The addition of arsenite, an inhibitor of 2-oxoglutarate oxidation, to the ATP-free medium increased the DNP-induced inhibition of phosphorylation from 10 to 55%, suggesting that DNP-insensitive phosphorylation is related to the oxidation of 2-oxoglutarate (Table III) . This suggestion was further supported by the data shown in the lower part of Table III Pi incorporation into organic phosphate even in the ATPfree medium (42% inhibition) and this inhibition became more marked upon further addition of arsenite (82% inhibition). When the •oxidation of added glutamate was allowed to proceed by the addition of PMS, which is effective in regenerating NAD + independent of the CN-blocked respiratory chain, phosphorylation became only slightly sensitive to DNP even in media with ATP or ADP added, in accord with the view that DNP-insensitive phosphorylation is distinct from respirationlinked phosphorylation, and is in some way I. connected with the oxidation of 2-oxoglutarate.
Effects of pH and Temperature on Phosp horylation--
The DNP-insensitive phosphorylation (Fig. 1A) as well as the Pi-ATP exchange reaction (Fig. IB) was investigated at various pH's. Discontinuity observed in a plot in Fig.  IB is ascribable to the inhibitory action of imidazole, used as a buffer below pH 7.5, on the PrATP exchange reaction (12) . The pHactivity profile in Fig. 1A is somewhat different from that in Fig. IB , in that the optimum pH was shifted toward a lower region and that an increase in pH beyond the optimum point caused a less marked reduction in activity. The effect of temperature on both types of phosphorylation is plotted in Fig. 2 . In agreement with previous reports by Heldt and Klingenberg (13) and Kemp et al. (14) , the Pi-ATP exchange reaction showed a disconti- huous Arrhenius plot (inset of Fig. 2 ) with a break at approximately 15°C. Though a similar discontinuity was also observed, the slopes of the linear portions above and below the break in the plot for DNP-insensitive phosphorylation was somewhat different from the corresponding linear portions of the ATP-Pi exchange reaction. This, together with different pH profiles, may suggest that the addition of ATP (or ADP) to the incubation medium plays a significant role in determining the nature of phosphorylation in mitochondria.
The Stimulation of 32 P-ADP Formation by DNP-The differential effect of DNP on phosphorylation reactions in reaction mixtures with and without added ATP was further studied by fractionating the labelled organic phosphates into individual nucleotides. It can be seen from Table IV that DNP inhibits the labelling of ATP while stimulating the labelling of ADP regardless of whether the reaction mixture was fortified with ATP (or ADP) or not. As a result, no marked decrease was induced by DNP in total labelled phosphate in media with ATP omitted in which ADP was labelled with 82 Pi to an extent comparable to ATP. In a mitochondrial suspension fortified with ATP or ADP, however, ATP was labelled so preferentially to ADP that the DNP-induced reduction of this large amount of 32 P-ATP resulted in a marked decrease of 32 Pi-labelling as a whole, despite a significant increase in 32 P- 
ADP (Expt. 2).
The acceleration of electron transport on the addition of electron acceptors, such as the addition of DNP, caused an increase in the labelling of ADP (Expt. 1 in Table V) . Rote-
none caused a marked decrease. Expt. 2 shows that DNP failed to promote 32 P t incorporation into ADP when methylene blue was also added, suggesting that DNP shares the same site of action as electron acceptors with regard to S2 P-ADP formation. Moreover, DNP was without effect on 32 P-ADP formation if the oxidation of glutamate was rendered independent of the respiratory chain by the addition of PMS to a CN-containing medium.
Relation of 32 P r Labelling of ADP to the Oxidation of Glutamate-Our recent studies (7, 2) showed that a2 P-ADP formed under our conditions serves as a phosphate acceptor in oxidative phosphorylation, giving rise to the generation of 32 Pp-ATP. Accordingly, the combined 32 P content of GTP, ADP, and P r ATP is a more reliable measure of phosphorylation unrelated to oxidative phosphorylation than 32 P-ADP alone. This value is given as a percent of total 32 Pi incorporation in parentheses in the last column of Table VI. In accord with the foregoing results, it can be seen in Table VI that this type of phosphorylation is favored on omitting ATP or ADP from, or adding DNP (or oligomycin) to the incubation medium. Abolition of DNP action in this respect in media with electron acceptor added was again shown in Expt. 2. Expt. 3 revealed that dismutative oxidation of 2-oxoglutarate in a mitochondrial suspension in which respiration was blocked by rotenone resulted in. the predominant labelling of the ADP fraction,, even in the absence of DNP. Changes in the mitochondrial NADH level in response to electron transport were followed under exactly the same conditions used for the labelling experiments (Fig. 3) . Figures 3A and  3B illustrate the oxidation of NADH by uncoupler, electron acceptor and ADP as well as. its inhibition by rotenone and CN. (CCCP wassubstituted for DNP in this experiment because the latter was liable to cause quenching of the fluorescence of NADH-protein conjugate.) The failure of rotenone to reduce NAD + during the dismutation of 2-oxoglutarate is also shown Pi into GTP, ADP, and P p of ATP as compared to incorporation into total nucleotides under various conditions. Following 150-sec incubation of the mitochondria, 32 P r and 32 P,s of ATP were differentially determined according to the procedure described in " MATERIALS AND METHODS." CO 2 by mitochondria incubated with l-"C-glutamate. Mitochondria were incubated in a rubber-stoppered vial with 1 mM 1-"Cglutamate in the presence of 0.01 mM fluorocitrate. in Figs. 3C and 3D .
In the experiments shown in Table VII , the liberation of 14 CO 2 from added l-14 C-glutamate (1 mM) in the presence of fluorocitrate was used as a measure of the oxidation of glutamate. (Evidence had been presented previously ( / ) that the production of 14 CO 2 under these conditions can be used as a measure of glutamate oxidation independent of the preceding step of transmembrane passage of the amino acid.). It can be seen that glutamate oxidation was actually stimulated by electron acceptors, uncouplers, and ADP and was in- Pi into ADP was found to be closely related to the function of the respiratory chain, because it was inhibited by inhibitors of electron transport (rotenone) and stimulated by electron acceptors (K 3 Fe-(CN) 6 , methylene blue and PMS). The possibility that this phosphorylation reflects respiration-linked oxidative phosphorylation was, however, clearly excluded by the fact that it was strongly stimulated (rather than inhibited) by DNP, the stimulatory action of which was "non-additive" when combined with electron acceptors. It is very likely that the regeneration of NAD + caused by feeding electrons into the respiratory chain is responsible for this stimulation of phosphorylation, because the addition of PMS, which accept electrons directly from NADH, was very effective in raising the intramitochondrial ratio of 82 P-ADP to 32 P-ATP, even in the presence of rotenone, rendering the amount of 32 P-ADP formed unresponsive to the stimulatory action of DNP (Expt. 3 in Table V ). Oxidation of NADH by uncouplers and electron acceptors, as well as regeneration of NADH by rotenone, was actually observed by fluorometric methods under the same conditions employed in the phosphorylation studies (Fig. 4) . The oxidoreductive state of NAD + thus produced may play a significant role in controlling mitochondrial NADlinked dehydrogenases, as actually shown in Table VII , where the production of CO 2 from glutamate was utilized as a measure of dehydrogenase activity. Finally, dismutative oxidation of 2-oxoglutarate predominantly caused 32 P r labelling of ADP over ATP. The yield of 32 P-ADP under these conditions was completely independent of respiration as indicated by its unresponsiveness to rotenone (Expt. 3 in Table VI) . Hence, the incorporation of 32 Pi into ADP is not coupled to respiration but is dependent on the NAD + /NADH ratio through the mediation of accelerated oxidation of 2-oxoglutarate. Thus, together with a significant labelling of the GTP fraction, the present results are in good agreement with our previous conclusion (1) that the incorporatioa of 32 Pi into ADP results from 2-oxoglutaratelinked substrate-level phosphorylation according to Eqs. 1-3. Since 32 P-labelled organic phosphate consists largely of 32 P-ADP in the presence of DNP, in contrast to the mostly" exclusive labelling of the ATP fraction in itsabsence in media with ATP added, the differential pH-and temperature-activity curves ia Figs. 1 and 2 may suggest that the substratelevel phosphorylation has kinetic and thermodynamic properties somewhat different from, those of oxidative phosphorylation.
One of the most striking factors determining the relative occurrence of oxidative and substrate-level phosphorylations in rat-liver mitochondria is the presence of externally added ATP (or ADP), which strongly favors, the former at the expense of the latter (compare Line 4 with Line 1 in Table VI ). Thisstrong action of ATP (or ADP) was completely abolished by the addition of DNP (compare Line 5 with Line 2 in Table VI) . It is very likely, therefore, that the promotion of oxidative phosphorylation by the addition of adenine nucleotides may be more or less involved in their inhibitory action on substrate-level phosphorylation. It can also be seen that the DNPand oligomycin-induced inhibitions of 82 P-ATP' formation are more marked in the presence of ATP (or ADP) than in its absence. A similar potentiation of the action of uncoupler (15) and oligomycin (15, 16) on the addition, of ATP has been previously reported. Since, the addition of ATP or ADP is effective in. suppressing substrate-level phosphorylation, it would be likely that substrate-level phosphorylation and oxidative phosphorylation are functionally interrelated in mitochondria, although the mechanism involved still remains, obscure. Transmembrane passage of added. ATP and ADP would probably play an important role in determining the relative occurrence of these two types of phosphorylation,. as suggested by the results in Table II which show that the specificity of nucleotides in this.
.respect closely resembles the substrate specificity of atractyloside-sensitive translocase. This problem will be dealt with in the subsequent paper (4) . " We gratefully acknowledge financial support from Hi Lilly and Company for a part of this work.
